Many studies have demonstrated the cardinal importance of the intrarenal renin--angiotensin system (RAS) in the maintenance of sodium homeostasis. Furthermore, when inappropriately activated, the RAS contributes to the development of hypertension, which ultimately may lead to renal injury and chronic kidney disease.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4]^ Although there are various ways that derangements in renal function or kidney diseases can contribute to hypertension, inappropriate overactivation of the intrarenal RAS is of critical importance not only because of the overall renal and peripheral vasoconstriction produced by angiotensin II (Ang II) but also because of the powerful effects that Ang II exerts on tubular transport in all segments of the nephron.^[@bib5],\ [@bib6],\ [@bib7]^ Importantly, once there is overactivation of the RAS leading to increased Ang II activity, an insidious stimulatory mechanism leading to sustained activation of the intratubular RAS develops, which can lead to inappropriate activation of the intratubular RAS in the entire nephron population.^[@bib2]^ There are numerous experimental examples that can be used to support this concept such as 2-kidney 1-clip hypertensive animal models; however, a case study published a few years ago also exemplifies this point.

CASE STUDY
==========

A paper by Beevers *et al.*^[@bib8]^ described an interesting case involving a 22-year-old male student who went to the hospital following an ankle injury while playing rugby. A routine blood pressure measurement revealed hypertension at 170/110 mm Hg. The electrocardiogram and echocardiography results indicated left ventricular hypertrophy, suggesting that the hypertension was not of acute onset. Plasma electrolytes showed hypokalemia (3.0 mEq/l) and the estimated glomerular filtration rate was 94 ml/min. Plasma renin activity was elevated at 26 ng AI/ml/h (angiotensin I per ml/h) and plasma aldosterone was also markedly elevated at 101 ng/dl. Ultrasound examination revealed a well-defined 4-cm mass in the interpolar cortex of the left kidney. Catheterization of the renal veins indicated renin levels of 20 ng AI/ml/h from the right kidney and 23 ng AI/ml/h from the left kidney. The patient had an open left total nephrectomy. Histological examination confirmed the presence of a juxtaglomerular cell tumor. Following nephrectomy, the blood pressure fell to 144/68 mm Hg without the need for any antihypertensive medication. The following day, his blood pressure was 100/60 mm Hg, and after a few days, the blood pressure was stabilized at 130/70 mm Hg with no antihypertensive medication. Follow-up measurements at 6 weeks showed that plasma renin activity had returned to normal levels of 2.3 ng AI/ml/h and blood pressure was 104/69 mm Hg.

ANG II--INDUCED AUGMENTATION OF INTRARENAL AGT AND ANG II
=========================================================

This case raises an important question regarding the inability of the contralateral kidney to respond to the elevated arterial pressure with appropriate increases in sodium excretion, thus minimizing the extent of the hypertension. Apparently, the normal contralateral kidney was also affected by the increased renin produced by the tumor leading to increased concentration of Ang I with conversion to Ang II. Were these effects just due to the increased circulating Ang II causing marked renal vasoconstriction and enhanced tubular sodium reabsorption? This appears not to be the case as experimental studies have failed to demonstrate a direct correlation and that there is a dissociation between the increases in circulating Ang II concentrations and the increases in blood pressure in different models of Ang II--dependent hypertension including 2-kidney 1-clip Goldblatt hypertension, Ang II--induced hypertension, and TGR(Ren2) hypertension.^[@bib9]^ Furthermore, animal studies involving infusions of Ang II in rats and mice have demonstrated progressive increases in intrarenal Ang II levels that are greater than can be explained from the circulating Ang II levels alone and are closely associated with the progressive increases in arterial pressure.^[@bib2]^ This augmentation of Ang II is associated with increased angiotensinogen (AGT) mRNA and protein in proximal tubules and marked increases in the urinary excretion of AGT.^[@bib10]^ It is intriguing that the stimulation of tubular AGT production and increased urinary excretion of AGT and Ang II does not occur in response to a physiological stimulus, such as a reduction in overall salt consumption. Under those conditions, there is increased renin activity in the juxtoglomerular apparatus and collecting ducts, which leads to increases in intrarenal Ang II, but this appears to occur primarily in the renal interstitium.^[@bib11]^

In contrast to what happens in response to a low-salt diet, Ang II--dependent hypertension is characterized by a marked increase in the expression of kidney AGT localized primarily to the proximal tubular cells and associated increases in urinary excretion of AGT, Ang II, and renin.^[@bib12],\ [@bib13],\ [@bib14]^ The subsequent increases in intratubular as well as interstitial Ang II lead to the activation of Ang II type 1 (AT1) receptors, in the tubules as well as the renal microcirculation, that exert pleiotropic stimulatory effects leading to vasoconstriction of the afferent and efferent arterioles, mesangial cell constriction, increased sensitivity of the tubuloglomerular feedback mechanism, and upregulation of tubular sodium transport in several nephron segments.^[@bib5],\ [@bib9],\ [@bib15],\ [@bib16]^ Collectively, AT1 receptor activation is the essential stimulus for the development of hypertension in the various experimental models of hypertension. The finding that AT1A knockout mice do not develop hypertension following unilateral arterial constriction provides further confirmation of the importance of AT1 receptor activation in the pathophysiology of hypertension.^[@bib17]^ Pharmacological studies have also provided further support for the role of AT1 receptors in mediating the development of hypertension. AT1 receptor blockade completely prevents the development of Ang II--induced hypertension and also prevents the increases in interstitial and intracellular Ang II that occur progressively over a period of 14 days of Ang II infusion.^[@bib10]^

URINARY AGT
===========

The sources of the augmented urinary AGT and Ang II levels have remained a controversial issue because it is known that liver-derived AGT in the systemic circulation contributes to intrarenal Ang II levels and may gain access to the tubules by filtering across the glomerular capillary membrane.^[@bib18],\ [@bib19]^ However, AGT has a molecular weight of 62 kDa, which would limit its free filtration across intact healthy glomerular capillary membranes.^[@bib20]^ Thus, most of the urinary AGT originates from the tubules rather than from filtration when the glomerular filtration barrier is intact. The secretion of AGT by proximal tubules is illustrated in [Figure 1](#fig1){ref-type="fig"}. Nevertheless, the increased glomerular permeability that occurs with long-term hypertension, diabetes, chronic kidney diseases, and other associated conditions may be associated with increased filtration of AGT into the proximal tubules where some of it is internalized into proximal tubule cells via megalin-dependent endocytosis.^[@bib18]^ Regardless of whether the bulk of the increased tubular load of angiotensinogen is due to filtration or increased secretion of intrarenally formed AGT, this means that greater amounts of substrate are available for the formation of Ang I and conversion to Ang II in the tubules, which can then act on the luminal AT1 receptors to stimulate sodium transport.

Studies on transgenic mice harboring the human *AGT* gene linked to the kidney androgen promoter in the proximal tubules demonstrated that increased intrarenal Ang II formation following androgen-induced stimulation of the human *AGT* gene subsequently leads to increases in mRNA and protein expression of endogenous mouse AGT in the proximal tubules.^[@bib21]^ These data demonstrate that the augmentation of endogenous kidney AGT can be elicited by local increases in Ang II levels. Another study utilized val^5^-Ang II as the peptide being infused to determine if there was an enhanced formation of endogenous Ang II in the tubules. Urinary levels of the endogenous Ang II, ileu^5^-Ang II, were increased progressively over a 2-week period, indicating that chronic Ang II infusion leads to increased intratubular formation of native endogenous Ang II.^[@bib12]^ This conclusion has been supported further by studies showing that chronic angiotensin-converting enzyme (ACE) inhibition markedly attenuates the progressive hypertension elicited by chronic Ang II infusions.^[@bib22]^ The unique role of ACE in the kidney has been demonstrated further by studies showing that chronic Ang I infusions into mice with ACE expression only in the kidneys will lead to sufficient amounts of Ang II formation to cause development of the same degree of hypertension as in wild-type mice.^[@bib23]^ In contrast, mice that lack kidney ACE but have ACE present in the rest of the body have an attenuated hypertensive response to chronic Ang II infusions.^[@bib6]^ Collectively, these studies support an important role for Ang II--mediated augmentation of intrarenal AGT, which is then secreted into the tubules. Intrarenal ACE appears to be essential for the augmentation of intratubular formation of Ang II.

The findings of increased urinary AGT in rats and mice subjected to chronic Ang II infusion indicate that increased secretion of AGT into the proximal tubule lumen then spills over and traverses the distal nephron segments and collecting ducts before being excreted in the urine. Thus, the increased urinary AGT may be considered to be a reflection of intrarenal RAS activation, and this has been found in several hypertensive models including spontaneously hypertensive rats, Dahl rats on high salt, Cyp1a1-Ren2 TG rats, and also in diabetic models resulting from streptozotocin induction or genetic modification.^[@bib4],\ [@bib24]^

The above findings suggest that urinary AGT can be used as an index of intrarenal RAS activation and thus may be a useful biomarker. In efforts to translate the findings from the animal studies to human subjects, various clinical studies have demonstrated increased urinary AGT levels not only in hypertensive subjects not under treatment with RAS blockers or inhibitors^[@bib25]^ but also in patients with chronic kidney disease,^[@bib26],\ [@bib27]^ chronic glomerulonephritis,^[@bib28]^ type 1 and type 2 diabetes,^[@bib29],\ [@bib30]^ immunoglobulin A nephropathy,^[@bib31]^ and renal amyloidosis.^[@bib32]^ These results are presented in [Figure 2](#fig2){ref-type="fig"} and provide compelling data that the intrarenal RAS is activated in many kidney diseases and thus provide a mechanistic rationale for treating patients with either AT1 receptor blockers or ACE inhibitors to prevent progressive deterioration of renal function as a consequence of an inappropriately elevated intrarenal RAS. The animal studies have shown that treatment with AT1 receptor blockers not only prevents the development of hypertension but also prevents the increases in intrarenal AGT mRNA and protein expression, intrarenal Ang II, and urinary AGT and urinary Ang II excretion rates.^[@bib10],\ [@bib12]^ Larger clinical studies are needed in human subjects to determine if treatment of hypertensive and diabetic subjects with AT1 receptor blockers or ACE inhibitors can reduce urinary AGT levels, thus indicating successful reduction in intrarenal RAS activity and hopefully can halt the progression of renal injury.

AUGMENTATION OF RENIN IN COLLECTING DUCTS
=========================================

As already mentioned, the increased urinary excretion of AGT in hypertensive models indicates that some of the tubular AGT spills over into the distal nephron segments and eventually into the urine. These findings are significant because of the presence of renin in the principal cells of the connecting tubule and collecting ducts and the prorenin receptor (PRR) in the intercalated cells.^[@bib33],\ [@bib34],\ [@bib35],\ [@bib36]^ Both prorenin mRNA and the PRR mRNA are upregulated in Ang II--dependent hypertension leading to increased secretion of renin and prorenin in distal nephron segments, where renin is then available to catalyze the cleavage of Ang I from the AGT spilling into the distal nephron from the proximal tubule.^[@bib34],\ [@bib36]^ As shown in [Figure 1](#fig1){ref-type="fig"}, the increased availability of renin along with the upregulation of PRR by the intercalated cells leads to enhanced overall renin activity.^[@bib2],\ [@bib37]^ In addition, the soluble form of PRR is secreted into the lumen contributing further to renin-driven formation of Ang I, which can be converted to Ang II by locally available ACE.^[@bib36]^ The increase in collecting duct renin is caused directly by Ang II--mediated stimulation of AT1 receptors on the principal cells of collecting duct and is prevented by AT1 receptor blockers. Also, this receptor stimulation is independent of the arterial pressure because it occurs in both kidneys of 2-kidney 1-clip Goldblatt hypertensive rats.^[@bib38]^

CONCLUSION
==========

Collectively, the findings are consistent with the interpretation that elevated circulating and/or intrarenal Ang II levels exert an augmentation effect to increase proximal tubule production and secretion of AGT, part of which spills over into the distal nephron segments, and is then acted upon by the enhanced renin/prorenin secreted by the principal cells and facilitated by PRR and soluble PRR formed in the intercalated cells. When inappropriately stimulated by increased circulating Ang II levels, elevated arterial pressure, oxidative stress, increased cytokine production, and pathologic effects of diabetes, there is a robust activation of an intratubular RAS that, if left unabated, contributes not only to excess sodium retention and progressive development of hypertension but also to an insidious process of kidney injury which can progress to chronic kidney disease and eventual end-stage renal failure.^[@bib4]^
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![**Cascade of intratubular renin--angiotensin system (RAS) in angiotensin II (Ang II)--dependent hypertension.** In Ang II--dependent hypertension, the kidney maintains *de novo* intrarenal Ang II formation--enhanced proximal tubule angiotensinogen (AGT) formation and spillover into distal nephron segments coupled with enhancement of CD renin and stimulation of tubular angiotensin converting enzyme (ACE) (refer to text for relevant references). AA, afferent arteriole; CD, collecting duct; CNT, connecting tubule; DT, distal tubule; EA, efferent arteriole; IC, intercalated cell; JGA, juxtaglomerular apparatus; PC, principal cell; PRR, prorenin receptor; PT, proximal tubule; U, urine.](kisup201367f1){#fig1}

![**Urinary angiotensinogen (AGT) in clinical studies of hypertension, diabetes, and kidney disease.** As explained in the text, emerging data show that hypertension, diabetes, and several kidney diseases are associated with increased urinary angiotensinogen excretion rates. Data are from refs. 25,27--32.](kisup201367f2){#fig2}
